The squirrel monkey (Saimiri collinsi), a Neotropical primate endemic to the Amazon in Brazil, is 25 used as a biological model for reproductive research on the genus Saimiri. Although this animal is 26 known to exhibit reproductive seasonality, nothing is known about the differences in its seminal 27 quality, sperm protein composition, or sperm protein profile between the breeding (dry) and non-28 breeding (rainy) seasons. Thus, the aims of this study were to evaluate the quality of S. collinsi 29 semen during the dry and rainy seasons and to describe the global sperm proteomics and expression 30 variations in the sperm proteins during the two seasons. Aside from the pH, there was no difference 31 in the seminal quality between the dry and rainy seasons. The study approach based on bottom-up 32 proteomics allowed the identification of 2343 proteins present in the sperm samples throughout 33 these two seasons. Of the 79 proteins that were differentially expressed between the two seasons, 39 34 proteins that were related to spermatogenesis, sperm motility, capacitation, fecundation, and defense 35 systems against oxidative stress were upregulated in the dry season. Knowledge on the sperm 36 proteins provides crucial information for elucidating the underlying mechanisms associated with 37 sperm functionality. Thus, our results help to advance our understanding of the reproductive 38 physiology of S. collinsi, providing valuable information for the improvement of protocols used in 39 assisted reproduction techniques for the conservation of endangered Saimiri species. 40 41 42 3 43 4 64
Introduction
The squirrel monkey (Saimiri collinsi), a Neotropical primate endemic to the Amazon in 45 8 149 Semen evaluation 150 The 1.5-mL conical microtubes containing the semen were placed in a water bath at 37°C 151 immediately after collection for evaluation of the seminal volume, color, and viscosity. The volumes 152 of the liquid and coagulated fractions were evaluated in a graduated tube, with the aid of a pipette. 153 The appearance was assessed subjectively for color (colorless, yellowish, or whitish) and opacity Sperm separation and freeze-drying 172 Owing to the occurance of seminal coagulation in S. collinsi, the semen sample was diluted 173 1:1 in ACP-118 (300 mOsm/kg and pH 6.42), incubated in a water bath (Biomatic, Porto Alegre, 174 Rio Grande do Sul, Brazil) at 37°C for 1 h, and then separated on 45%/90% Percoll gradient media 175 (centrifugation at 10,000 g, 15 min, 12°C). Thereafter, the samples were washed in Tris-NaCl 176 medium (centrifugation at 8000 g, 5 min, 12°C), and the separated sperm fraction (pellet) was 177 stored in microtubes, together with Tris-NaCl and a protease inhibitor (1:1000; P8340 catalog, 
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Characteristics of the Amazon monkeys and semen 236 The body weights of the male monkeys and their total testicular volumes were significantly 237 higher in the rainy season (883.15 ± 14.50 g and 2.42 ± 0.11 cm 3 , respectively) than in the dry 238 season (816.10 ± 6.85 g and 1.91 ± 0.13 cm 3 ) ( Table 1) . Semen collection was successful in 42 of 239 the 48 attempts (88%) because four ejaculates did not contain sperm; of these, 39 samples were used 240 for the experiments. The highest percentage of ejaculates in both the liquid and coagulated fractions 241 was 59%. With regard to the semen color and opacity, 10% of the samples were colorless, 33% 242 were whitish, 57% were yellowish, 46% were transparent, and 54% were opaque. There was a 243 statistical difference (p = 0.0002) in the seminal pH between the dry (7.96 ± 0.10) and rainy (7.30 ± year (dry or rainy season) (Table 1) . The study approach based on bottom-up proteomics allowed the identification of 2343 258 proteins in the sperm samples (Supporting Information S1 Table) . Of the total proteins identified, 259 223 were determined to participate in important reproductive events, such as spermatogenesis (67 260 proteins), sperm motility (42 proteins), capacitation/acrosome reaction (20 proteins), and 261 fertilization (32 proteins) (Supporting Information S2 Table) .
262
On the basis of the GO analysis, the proteins were grouped according to biological process, 263 molecular function, and cellular component (i.e., localization) classes (Fig 1) . In the cellular 264 component class, most of the proteins identified were associated with the cytoplasm (12.3%), 265 cytoskeleton (9.4%), and nucleus (8.9%) ( Fig 1A) . The most common biological processes 266 associated with the proteins were cellular processes (41.6%), regulation (17.6%), and metabolic 267 processes (11.4%) ( Fig 1B) . Binding (42.8%) and catalytic activity (42.9%) corresponded to the 268 most frequent molecular functions for the proteins ( Fig 1C) . We also identified 79 sperm proteins that were differentially expressed between the dry 275 (breeding season) and rainy seasons (non-breeding season). Of these, 39 were upregulated in the dry 276 season, with the main protein functions being for enzymatic activity (i.e., deoxyguanosine kinase 14 277 and matrix metalloproteinase-7), cellular regulation (i.e., amine oxidase and serine protease 30-like), 278 and immune system processes (i.e., heat shock 70 kDa protein 1A/1B and clusterin) ( Table 2 and   279 Supporting Information S3 Table) . With regard to proteins that participate in important events in 280 reproduction, 10 that were increased during the dry season were related to spermatogenesis (i.e., cat 281 eye syndrome critical region protein 5, heat shock-related 70 kDa protein 2 (Hsp70.2/HSPA2), and 282 peroxidase (GPX4), sperm motility (i.e., ADP/ATP translocase 4, ROPN1L, and tektin-5), 283 capacitation (i.e., ROPN1L), and fecundation (i.e., sperm surface protein Sp17 (SPA17)), or were 284 important defense systems against oxidative stress (i.e., nucleoside diphosphate kinase homolog 5 285 and catalase). In silico protein network analysis indicated that the proteins that were upregulated during the 291 dry (breeding) season, such as ROPN1L, phospholipid hydroperoxide glutathione, HSPA2, and 292 SPA17, interacted with 10 other proteins. Among these interactions, only ROPN1L and 293 phospholipid hydroperoxide glutathione interacted with each other (Fig 2) . acrosomal HSP70 has a role in gamete interaction and fertilization [46] , whereas HSP90AA1 expression has been correlated with the resistance of sperm to freezing [47, 48] since this protein is 341 characterized as a ubiquitous molecular chaperone that provides protection and protein folding 342 during thermal stress and resistance against cell oxidative stress [49] .
343
HSPA2, which is a molecular chaperone that assists in the folding, transport, and assembly 344 of proteins in the cytoplasm, mitochondria, and endoplasmic reticulum and is a testis-specific 345 member of the 70-kDa family [50] , has been suggested to be crucially involved in spermatogenesis 346 and meiosis [51] . In humans, the downregulation of HSPA2 mRNA was observed in testes with 347 abnormal spermatogenesis, and the protein expression was high in normal spermatogenesis and low 348 in spermatogenesis arrest [52] . Human HSPA2 was shown to regulate the expression of the sperm 349 surface receptors involved in sperm-oocyte recognition [53] , and its depression in the testes was 350 also associated with spermatogenic impairment and the fertilization rate in men with azoospermia 351 who were treated with intracytoplasmic sperm injections [54] . In this context, Imai et al. [60] showed that the failure to express phospholipid 361 hydroperoxide glutathione peroxidase (GPX4) caused human male infertility, with 30% of men 18 362 diagnosed with oligoasthenozoospermia showing a significant decrease in the level of the enzyme. 363 Those authors also found a significantly lower number of spermatozoa in the semen and 364 significantly lower motility of the spermatozoa than those seen in fertile men. GPX4 is an 365 intracellular antioxidant that directly reduces peroxidized phospholipids and is strongly expressed in 366 the mitochondria of the testis and spermatozoa. In bulls, GPX4 is considered a unique marker for 367 seminal quality analysis owing to the direct correlation between the selenoperoxidase and the 368 progressive motility of the sperm [61] .
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Capacitation and the acrosome reaction 371 The acrosome, which is a membrane-bound exocytotic vesicle that is located over the 372 anterior portion of the nucleus, contains the hydrolytic enzymes that are required for the acrosome 373 reaction, binding of the zona pellucida (ZP), penetration through the ZP, and sperm-egg membrane 374 fusion, all of which are indispensable events during the fertilization process [62] . In the acrosome 375 membrane (internal and external membranes), the sperm acrosome membrane-associated family 376 (i.e., SPACA3, SPACA1, and SPACA4) [63, 64] are sperm surface membrane proteins that may be 377 involved in the adhesion and fusion of the sperm to the egg prior to fertilization [65] . SPACA1 and 378 SPACA3 are localized in the acrosomal matrix, including the principal segment and equatorial 379 segment, and are proteins characterized as membrane antigens [63, 65, 66] . SPACA1 may be 380 involved in sperm fusion with the oölemma, since treatment of human sperm with the anti-SPACA1 381 antibody prevented sperm penetration into zona-free hamster eggs [63] . Fujihara et al. [67] 382 demonstrated that the SPACA1 protein was indispensable for the normal shaping of the sperm heads 19 383 during spermiogenesis in mice. In humans, this protein was identified as a sperm membrane antigen, 384 with a molecular mass ranging from 32 to 34 kDa [63] . in the egg or the spermatozoa have been found to be essential for fertilization.
393
Until now, IZUMO1 has been found to be the essential protein on the sperm side for the 394 fusion process. As a testis-specific protein, IZUMO was discovered on the equatorial segment of the 395 acrosome-reacted mouse spermatozoa through proteomic analysis of the antigen recognized by the 396 monoclonal anti-mouse sperm antibody [70] . IZUMO is present in both mouse (~56 kDa protein) 397 and human (~38 kDa protein) sperm [71] . In mice, immunization with the IZUMO protein caused a 398 contraceptive effect in females, which was due to the significantly inhibited fusion of sperm to the 399 zona-free mouse eggs with the anti-PrimeB antibody. However, no effect on sperm motility was implying that this protein could also be involved in the fertilization processes in the breeding season 413 of S. collinsi. 414 Our results on the seminal quality also showed that proteomics is an important 415 complementary tool for use toward understanding and elucidating the influence of seasonality on 416 the sperm cells in S. collinsi, since it was not possible to verify this influence by classic seminal 417 analysis for this species. Additionally, it is important to mention that the results of the seminal 418 parameters analyzed (viz., appearance, semen volume, pH, and sperm concentration, motility, vigor, 419 and morphology) were similar to those previously reported for fresh Amazon squirrel monkey 420 sperm (liquid fraction) and sperm from the coagulated fraction after dilution in ACP-118 [2-4].
421
However, this was the first time that a comparison of these parameters during the dry and rainy 422 seasons was performed for this species.
423
Although the seminal pH was higher in the dry season, it was slightly alkaline during both women, the acidic vaginal environment is toxic to sperm because the optimal pH for sperm viability 428 ranges from 7.0 to 8.5, and a reduction in sperm motility is seen at a pH of less than 6.0. However, Thus, our results showed that the ACP-118 extender used for coagulum liquefaction was able to 443 maintain similar sperm qualities in both seasonal periods. 
